The (1 × 1) and ( √ 3 × √ 3) phases of the Pb/Si(111) surface are investigated at room temperature using noncontact atomic force microscopy. The topographic height difference between these phases is determined to be 1.6±0.1Å, which is larger than the theoretical value (1.2Å) previously predicted. Kelvin probe force microscopy measurements show that the work function on the (1 × 1) region is 201±16 meV higher than that on the ( √ 3 × √ 3) region. The effective dipole moments by electron transfer from the first layer Si atom to the Pb adatom on the (1×1) phase is discussed. We also succeed in obtaining atomically resolved images of the two phases, and demonstrate that the (1 × 1) phase has small atomic corrugation compared with the ( √ 3 × √ 3) phase when imaging at same tip condition and the same acquisition parameters.
I. INTRODUCTION
Non-contact atomic force microscopy (NC-AFM) in ultra high vacuum (UHV) has become a powerful tool for imaging various surfaces, including insulator surfaces, with atomic resolution [1, 2] , measuring the interaction forces between a tip apex atom and an individual atom on surfaces [3] [4] [5] , identifying chemical atom species [6] , and manipulating single atoms [7] [8] [9] [10] . It should be noted that the spatial resolution of NC-AFM on some semiconductor surfaces is higher than that of scanning tunneling microscopy (STM) [11] [12] [13] . On the other hand, there are only a few reports on observation of metallic surfaces using NC-AFM [14] [15] [16] , while many metallic surfaces have been investigated by STM. It is challenging task to investigate metallic surfaces by the interaction force using NC-AFM because of the short interatomic distances and low charge corrugation.
The Pb/Si(111) surface, which is a model system for the growth of metals on semiconductors, is an interesting system because the interface between the Pb adatoms layer and the Si substrate is well defined due to the negligible solubility between them. This surface at room temperature has various phases dependent on sample preparation conditions of coverage of Pb atoms, annealing temperature after Pb deposition, and even annealing history [17] [18] [19] . In these phases, the Pb/Si(111)-( √ 3× √ 3) pure phase * This paper was presented at Handai Nanoscience and Nanotechnology International Symposium (Handai Nano 2006), Osaka University, Japan, 20-22 November, 2006. † Corresponding author: ysugimoto@afm.eei.eng.osaka-u.ac.jp and the Pb/Si(111)-(1 × 1) phase are intriguing systems and have been well investigated since below room temperature, the phase transitions to the (3 × 3) and ( √ 3 × √ 7) occur, respectively [19] [20] [21] [22] . Both the two phases show the metallic behavior and especially the (1 × 1) phase has higher conductivity [23] . The structure model for the ( √ 3× √ 3) pure phase has been well established: Pb atoms adsorb on the T 4 sites on the Si(111) surface and saturate all dangling bonds of the first layer Si atoms [ Fig.  1(a) ]. In this phase, some Pb adatoms are substituted by Si atoms due to the entropy effect. On the other hand, the structure model for the (1 × 1) phase has not been determined although the (1 × 1) patterns were experimentally observed by using STM [23] , low energy electron diffraction [23] , and high energy electron diffraction [24] . A model proposed as in Fig. 1(b) is that each Pb atom locates a T 1 site on the Si(111) surface [25] . In another model, Pb atoms on the (1 × 1) phase move around at room temperature and preferential residence sites show the (1 × 1) pattern [26] . It is important to obtain further information regarding the atomic structure of the (1 × 1) phase from the aspect of understanding the novel physical phenomena observed in this surface [27] .
In this study, we investigated the differences of the topographic height, the work function, and the atomic corrugation between the ( √ 3× √ 3) pure phase and the (1×1) phase on the Pb/Si(111) surface using NC-AFM. By using NC-AFM, useful information can be obtained. Especially, as we have previously demonstrated, NC-AFM topography obtained at the onset of the short-range interaction force can access the real topography i.e. atomic positions [5] . Furthermore, by Kelvin probe force microscopy (KPFM) measurements, the work function on the surface can be measured. To compare the two phases, the experi- 3) phase has some substitutional Si adatoms. The vertical height differences between the adatom layer and the first layer and that between the first layer and the second layer are shown [29] . ments were performed under the same tip conditions and the same acquisition parameters since NC-AFM observation strongly depends on the atomic structure and chemical composition of the tip apex [6, 28] . The NC-AFM topographic height differences between the two phases, which were carefully measured at relatively far tip-surface distances with compensating the contact potential differences (CPD) using KPFM technique, are not consistent with the theoretically predicted value [29] . The work function difference between the two phases could be explained by effective electric dipole moments on the (1 × 1) phase previously suggested [30] . The atomic corrugation on the (1 × 1) phase is lower than that on the ( √ 3 × √ 3) phase under the same tip conditions and the same acquisition parameters. These experimental results can shed some lights on not only the structure model of the (1 × 1) phase but also the NC-AFM imaging mechanism of metallic surfaces that has not been very well understood.
II. EXPERIMENT
We used a home made UHV-STM/NC-AFM operated at room temperature, equipped with an optical interferometer for the detection of the cantilever deflection. Using NC-AFM, the frequency shift of the cantilever resonance is detected as the interaction force between tip apex atoms and surface atoms [31] ; in this study, the contamination and the oxide layer of the Si tip were carefully removed by Ar ion sputtering in UHV. When large areas including both the (1 × 1) and the ( √ 3 × √ 3) phases were scanned ( Fig. 2) , we applied the KPFM technique to compensate the CPD on the two phases during scanning. Our KPFM setup is the same as the method in [32] . The frequency and the oscillation amplitude of the AC voltage applied to the sample with respect to the grounded cantilever were 700 Hz and 0.2 V rms , respectively. The Pb/Si(111)-(1×1) and ( √ 3 × √ 3) mixed surfaces were prepared as follows. After the Si(111)-(7 × 7) surface was prepared [7] , Pb was evaporated on the surface followed by sample annealing at 420
• C.
III. RESULT AND DISCUSSION
To investigate the topographic height difference between the ( √ 3 × √ 3) and the (1 × 1) phases of the Pb/Si(111) surface, the large area of 853Å×853Å including both the phases, was imaged by NC-AFM [ Fig.  2(a) ]. Since the work function on the ( √ 3 × √ 3) region is different from that on the (1 × 1) region, the CPD was compensated during scanning by KPFM technique. It was reported that the additional electrostatic force by the component of the AC sample voltage affects the NC-AFM topography under the KPFM measurements [33] . However, our AC voltage and the difference of the CPD between the two phases were small enough to neglect this effect, and actually the topographic height difference using KPFM was same as that without KPFM within measurements error. The NC-AFM image in Fig. 2(a) includes two steps: the one is a step between upper (1 × 1) phase and the ( √ 3 × √ 3) phase, and the other is a step between lower (1 × 1) phase and the ( √ 3 × √ 3) phase. The former is a phase boundary and the latter is attributed to a Si(111) single step. Figs. 2(b) and (c) show a zoom in image of the center part of Fig. 2(a) and the line profile. The height difference between the upper and the lower (1 × 1) phases corresponds to the characteristic height of a Si(111) single step (3.15Å). The height of the (1 × 1) phase is higher than that of the ( √ 3 × √ 3) phase on the same terrace of the Si(111) substrate by a typical height of 1.6±0.1Å (this measurement comes from the averaging of several images measured with different tips). To obtain the real topographic information, we scanned the surface at the onset of the short-range chemical interaction force, where the tip-surface distance is relatively far [5] . In this situation, the differences of the tip-induced relaxation effect and the short-range interaction force between the two phases become negligible. Furthermore, we confirmed that the long-range force on the (1×1) region is the same with that on the ( √ 3 × √ 3) region by frequency shift vs. tip-surface distance curves. Therefore, the measured height difference between the (1 × 1) and ( √ 3 × √ 3) phases should be attributed to the height difference of the Pb adatom positions between the two phases. Recently, atomic positions of some phases of the Pb/Si(111) surface were investigated by first-principles calculations [29] . The side views of the schematic models for the ( √ 3 × √ 3) and the (1 × 1) phases are shown in Figs. 1(c) and (d) , respectively. In this calculation, the height difference between the adatom layer and the first layer is 1.71Å for the ( √ 3 × √ 3) phase and 2.68Å for the (1 × 1) phase. Furthermore, the first layer atoms are relaxed from the unrelaxed Si(111) surface due to the bonding of the first layer atoms to the adatoms: the height difference between the first layer atoms and the second layer atoms is 0.62Å for the ( √ 3 × √ 3) phase and 0.81Å for the (1 × 1) phase. As a result, the height difference of the adatom layer between the (1×1) and the ( √ 3× √ 3) phases is estimated to be 1.2Å. Nevertheless, the height difference measured by NC-AFM is larger than the theoretically predicted value. Although the reason of the difference is not understood, we expect that our experimental results and further theoretical investigations can clarify the unknown structure of the (1 × 1) phase. Fig. 3(d) shows that while the two ( √ 3 × √ 3) regions on different Si(111) terraces have same work function, the work function on the (1 × 1) phase is about 200 meV higher than that on the ( √ 3 × √ 3) phase. By several KPFM measurements, it is determined that the work function on the (1 × 1) phase is 201±16 meV higher than that on the ( √ 3 × √ 3) phase. It could be explained by effective electric dipole moments on the (1 × 1) phase. Electron transfer from a Si of the first layer to a Pb adatom on the (1 × 1) phase generates the electric dipole moment directed from the Si(111) substrate to the Pb adatoms. This dipole moment increases the work function on the (1 × 1) region: the surface electric potential on the region is positively shifted. In contrast, it was reported that the work function is reduced by the electric dipole moment caused by the electron transfer from the adatom to the substrate on the Na-deposited TiO 2 (110) surface [34] . The dipole moment on the Pb/Si(111)-(1 × 1) surface was firstly suggested by Custance et al. [30] . They reported that when the voltage pulse at negative sample bias with respect to the STM tip was applied on the ( √ 3 × √ 3) region near a phase boundary, the (1 × 1) region has expanded to the location where the voltage pulse was applied. This phase transformation under the STM tip were attributed to the coupling between the electric field induced by the tip and the dipole moments on the (1 × 1) phase. We also observed some strikes due to the fluctuation of the boundary between the two phases using NC-AFM as shown in the arrows in Fig. 2(d) . Since the CPD was compensated in our experiments, our results show that the fluctuation can be also induced by the interaction force without the electric field.
We also succeeded in obtaining atomically resolved NC-AFM images of both the (1 × 1) and ( √ 3 × √ 3) phases as shown in Fig. 4 . The CPD was compensated in each phase by applying the DC voltage to the sample with respect to the grounded tip. In this atomic scale imaging, KPFM was not used to prevent from the possible artifact previously reported, which is induced by the modulation of the cantilever motion in the short-range interac- tion regime due to the AC electric field [35] . To compare the corrugation between the two phases, after imaging the ( Fig. 4(a) ], we imaged the (1 × 1) region [ Fig. 4(b) ] at the same tip condition and the same acquisition parameters. The set point of the frequency shift (Δf ) was set to -7.7 Hz. Then, by imaging the ( √ 3× √ 3) region again (not shown), it was confirmed that the tip condition did not change during imaging. Then, at a closer tip-surface distance (Δf = −14.0 Hz), the (1 × 1) image was imaged as shown in Fig. 4(c) . At last, during scanning the surface at Δf = −18.2 Hz, the tip condition was changed as shown by the dotted line in Fig. 4(d) . While the atomic corrugation on the ( √ 3× √ 3) phase [ Fig. 4(a) ] is 0.5Å, that on the (1 × 1) phase [ Fig. 4(b) ] is only 0.1Å under the same conditions: the atomic corrugation on the (1 × 1) is much smaller than that on the ( √ 3 × √ 3) phase under the same acquisition parameters. With decreasing the tip-surface distance, the corrugation on the (1 × 1) phase increases and reaches 0.3Å for Fig. 4(d) . However, the tip-surface distance was too close to stably obtain the image and the tip apex was finally changed. Using different cantilevers, high resolution NC-AFM images of the (1 × 1) phase as shown in Fig. 5(a) can be obtained. The line profile [ Fig. 5(b) ] shows that the atomic corrugation is estimated to be 0.3Å. One reason why the corrugation of the (1 × 1) phase is much smaller than that on the ( √ 3 × √ 3) phase under the same acquisition parameters is the higher conductivity of the (1 × 1) phase: the low charge corrugation as the metal could provide the small corrugation of NC-AFM images. Another possible reason can be attributed to the overlap of the force field of the neighboring Pb adatoms by shorter inter-atomic distances (3.8Å) on the (1 × 1) phase. Even measuring semiconducting Si(100)-(1 × 2) surface [36] , the line profile in the parallel direction to the dimer row shows the small corrugation due to the short inter-atomic distance (3.8Å). Although it is not clear whether the extended electronic states on the (1 × 1) phase contribute the small corrugation of the NC-AFM images or not, measurements of the short-range interaction force by the site-specific force spectroscopy [3] [4] [5] and the theoretical calculations will clarify the NC-AFM imaging mechanism of metallic surfaces.
IV. CONCLUSION
We have explored the Pb/Si(111)-(1 × 1) phase and ( √ 3 × √ 3) pure phase at room temperature using NC-AFM. The topographic height difference between the two phases, which is carefully obtained by scanning at the onset of the short-range interaction force with compensating the CPD by KPFM, is larger than the theoretically expected value. The measured work function on the (1 × 1) phase is 201±16 meV higher than that on the ( √ 3 × √ 3) pure phase, which could be attributed to the electric dipole moment on the (1 × 1) phase. Our atomically resolved NC-AFM images of the two phases obtained at same tip condition and same acquisition parameters show that the (1 × 1) phase has smaller atomic corrugation than the ( √ 3 × √ 3) phase. We expect that the structure model of the (1×1) phase and the NC-AFM imaging mechanism of metallic surfaces can be clarified by comparison between our experimental information and theoretical calculation.
